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Absence of Ca2 þ -stimulated adenylyl cyclases leads
to reduced synaptic plasticity and impaired
experience-dependent fear memory
L Wieczorek1, D Majumdar2, TA Wills3, L Hu2, DG Winder2,3,4, DJ Webb2,5 and LJ Muglia6

Ca2 þ -stimulated adenylyl cyclase (AC) 1 and 8 are two genes that have been shown to play critical roles in fear memory. AC1 and
AC8 couple neuronal activity and intracellular Ca2 þ increases to the production of cyclic adenosine monophosphate and are
localized synaptically, suggesting that Ca2 þ -stimulated ACs may modulate synaptic plasticity. Here, we ﬁrst established that
Ca2 þ -stimulated ACs modulate protein markers of synaptic activity at baseline and after learning. Primary hippocampal cell
cultures showed that AC1/AC8 double-knockout (DKO) mice have reduced SV2, a synaptic vesicle protein, abundance along
their dendritic processes, and this reduction can be rescued through lentivirus delivery of AC8 to the DKO cells. Additionally,
phospho-synapsin, a protein implicated in the regulation of neurotransmitter release at the synapse, is decreased in vivo 1 h after
conditioned fear (CF) training in DKO mice. Importantly, additional experiments showed that long-term potentiation deﬁcits
present in DKO mice are rescued by acutely replacing AC8 in the forebrain, further supporting the idea that Ca2 þ -stimulated
AC activity is a crucial modulator of synaptic plasticity. Previous studies have demonstrated that memory is continually
modulated by gene–environment interactions. The last set of experiments evaluated the effects of knocking out AC1 and AC8
genes on experience-dependent changes in CF memory. We showed that the strength of CF memory in wild-type mice is
determined by previous environment, minimal or enriched, whereas memory in DKO mice is unaffected. Thus, overall these
results show that AC1 and AC8 modulate markers of synaptic activity and help integrate environmental information to modulate
fear memory.
Translational Psychiatry (2012) 2, e126; doi:10.1038/tp.2012.50; published online 29 May 2012

Introduction
The Ca2 þ -stimulated adenylyl cyclase (AC) pathway couples
neuronal activity and intracellular Ca2 þ increases to the
production of cyclic adenosine monophosphate. Through this
activity-dependent increase in cyclic adenosine monophosphate, the Ca2 þ -stimulated ACs, AC1 and AC8, are able to
signiﬁcantly modulate processes that are deﬁned by marked
changes in synaptic plasticity, memory, and long-term
potentiation (LTP). This is evident on a variety of learning
paradigms where AC1/AC8 double-knockout (DKO) mice
showed memory impairments, such as passive avoidance,1
conditioned fear (CF),1,2 and novel object recognition.2,3
Moreover, Schaeffer collateral-CA1 LTP is impaired in DKO
mice,1,4 while mossy ﬁber LTP is impaired in AC15 or AC86
single-knockout mice. AC1 and AC8 are both localized to the
synapse as evident by a synaptosome fractions study7 and
colocalization of AC8 with synapsin and synatophysin,6 and
therefore, it is not surprising that they modulate both memory
processing and LTP.
Not only do genetic variations inﬂuence memory processing, but also the environmental context. A recent study

looking at the effects of environmental enrichment on CF
memory and LTP showed that an enriched environment
enhanced CF memory as well as LTP in a PKA (protein kinase
A)-dependent manner.8 PKA is activated by Ca2 þ -stimulated
AC-mediated binding of cyclic adenosine monophosphate,9
and therefore, initial activation of Ca2 þ -stimulated ACs may
be necessary for environmental-dependent changes in fear
memory. Synaptic plasticity is one of two major processes
shown to modulate experience-dependent changes in memory.10 For example, environmental enrichment increases the
expression of synaptic proteins, such as synaptophysin and
postsynaptic density-9511,12 as well as overall synaptic
strength as evident by increases in LTP.8,13–15 Neurogenesis,
the other major process shown to mediate experiencedependent changes in memory, is increased after environmental enrichment.16–18
Consequently, we ﬁrst evaluate the roles of Ca2 þ -stimulated
AC activity on mediating synaptic plasticity and neurogenesis
using both genetic and gene therapy techniques. More
speciﬁcally, we focus on the role of AC8, using forebraininducible AC8 mice and an AC8 lentivirus. We then evaluate a
possible novel gene–environment interaction by looking at
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whether an absence of Ca2 þ -stimulated AC activity affects
experience-dependent changes in CF memory. Our data
demonstrates that Ca2 þ -stimulated ACs are necessary modulators of synaptic plasticity, neurogenesis, and experiencedependent fear memory.
Materials and methods
Animals. All mouse protocols were in accordance with the
National Institutes of Health guidelines and were approved
by the Animal Care and Use Committees of Washington
University School of Medicine (St. Louis, MO; protocol
approval #20080030) and Vanderbilt University (Nashville,
TN; protocol approval #M08617). Mice were housed on a
12 h/12 h light/dark cycle with ad libitum access to rodent
chow and water. DKO1,19 and AC8 Rescue mice2 were
generated as previously described and were backcrossed
410 generations to C57Bl/6 strain. Brieﬂy, DKO mice have
both AC1 and AC8 deleted globally, while AC8 Rescue mice
have AC8 replaced in the forebrain of mice of a DKO
background. Through the use of a tetracycline-inducible
system, AC8 can be turned on or off by administration of
doxycycline (200 mg doxycycline per 1 kg; Research Diets,
New Brunswick, NJ, USA). Forebrain speciﬁcity of AC8 is
driven by the CamKIIa promoter. AC8 is not turned on until
mice are weaned at 21 days. C57Bl/6 were used as control
mice (wild type (WT)).
Electrophysiology. LTP in the Schaffer collateral afferent
ﬁbers of the hippocampal CA1 region was induced as
previously described1 with minor modiﬁcations to the slice
preparation as detailed in the Supplementary Materials and
Methods.
Lentivirus production. The full-length mouse AC8 cDNA
was cloned into a lentivirus vector by Applied Biological
Materials, Inc (Richmond, BC, Canada). See Supplementary
Material and Methods online for cloning details. Figure 2 outlines
the lentivirus construct as well as displays in vivo expression of
AC8 after infection of LV-Adcy8 into the hippocampus.
Cell culture and infection. Hippocampal low-density
cultures were prepared as previously described.20,21 Slight
modiﬁcations were made to adjust for mouse neurons. Cells
were extracted from P0 or P1 mice and ﬁxed at DIV10 or 9,
respectively. Hippocampal tissue was dissociated using a ﬁnal
concentration of 0.25% ethylenediaminetetraacetic acid-free
trypsin. Cells were plated at 500 000 cells per 60 mm dish
containing 5 poly-L-lysine coated coverslips. Cells were kept
in culture media containing Neurobasal Media, 2% B27, 1% Lglutamine, and 0.1% Insulin-Transferrin-Selenium (Invitrogen,
Carlsbad, CA, USA). Heat-inactivated fetal bovine serum was
added to the media at the following concentrations to help
promote cell survival: DIV1 2%, DIV3 1%, and DIV5 0.5%.
Ara-C was added on DIV3 as previously described to minimize
glia growth and subsequently added on DIV5 at half the
concentration if glia overgrowth was occurring. Several DKO
cultures were infected for 48 h on DIV1 with 2 ul of LV-Adcy8
(titer 3.1  108 IFU ml1) per 3 ml media per 60 mm dish and
ﬁxed at DIV 9 or 10 as described above.
Translational Psychiatry

Immunohistochemistry. See Supplementary Material and
Methods online for details.
Western blot analysis. Tissue extraction and protein
analysis was conducted as previously described.2 See
Supplementary Materials and Methods online for details.
Environmental enrichment. Male mice aged 2–5 months
were used for all behavioral experiments. All mice were on a
C57Bl/6 inbred background and housed 2–5 mice/cage.
Behavior was conducted on WT and DKO mice reared in
two different colonies at the same university. Mice were reared
in one of the two housing conditions: (1) corn—corn bedding
with paper inserts that mice were able to tear up for added
bedding, or a slightly more natural environment; and (2)
carefresh—CareFRESH Natural bedding. Mice were born and
kept in their reared environment until 2 weeks before CF
testing at which point mice were subjected to one of the two
experimental environments: (1) minimal—corn bedding only; or
(2) enriched—carefresh bedding, nestlet, and enrichment hut.
Mice were split into two experiments based on their initial
housing conditions. Experiment 1 is mice reared on corn
bedding and experiment 2 is mice reared on carefresh
bedding. Both experiments have four groups for a total of
eight groups all together: WT-minimal, WT-enriched, DKOminimal, and DKO-enriched. Refer to Figure 6a for a
schematic representation.
CF. Contextual CF training began 2 weeks after exposure to
the experimental environment. CF training and analysis
occurred as previously described.2 Brieﬂy, mice were
subjected to a 2 s  0.7 mA shock during training and then
tested 1 week after training.
Data analysis. Results are expressed as the mean±s.e.m.
Student’s t-test was used to compare pairs of means. In
cases with multiple conditions, a two-way analysis of
variance was used followed by Bonferroni post hoc tests
when appropriate. A one-way analysis of variance was used
for single-condition analysis followed by Tukey’s Multiple
Comparison post hoc tests when appropriate. A P-value of
p0.05 was considered statistically signiﬁcant. All statistical
comparisons were done with Prism 4 software (GraphPad,
La Jolla, CA, USA).
Results
AC8 activity modulates the synaptic vesicle protein 2
(SV2) but not neurogenesis. The expression of SV2 is
modulated by changes in synaptic activity.22 To examine if
Ca2 þ -stimulated AC activity modulates the abundance and
distribution of SV2 along the dendritic processes, we ﬁrst
measured the number of SV2 clusters as well as the average
SV2 cluster size in vitro, in hippocampal cultures from WT
and DKO mice. These experiments revealed a signiﬁcant
decrease in the average number of SV2 clusters in DKO
(36.8 clusters per 100 mm), relative to WT (44.3 clusters per
100 mm), neurons along the processes (Figure 1b, t-test,
P ¼ 0.01). Additionally, the average size of the SV2 clusters
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was signiﬁcantly decreased in DKO (0.349 mm2), relative to
WT (0.484 mm2), neurons (Figure 1c, t-test, P ¼ 0.01).
To assess whether Ca2 þ -stimulated AC activity is sufﬁcient
to modulate the changes in SV2 levels, we reintroduced
AC8 into DKO hippocampal cultures. To do this, we ﬁrst

SV2

generated a lentivirus containing the full-length mouse AC8
cDNA (LV-Adcy8; Figure 2a). The currently available AC8
antibody does not allow for speciﬁc staining in vitro, so in order
to show the effectiveness of the lentivirus, we did in vivo
injections of LV-Adcy8 into the hippocampus of several DKO
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Figure 1 Synaptic vesicle protein 2 (SV2) dendritic expression is altered in double-knockout (DKO) hippocampal cultures, but not in DKO adult, hippocampal whole-cell
preparations. (a) Representative images of DIV9-10 hippocampal neurons in primary cultures derived from P0 or P1 pups. SV2 is labeled with Alexa Fluor 555. b3-Tubulin, a
neuronal marker, is labeled with Alexa Fluor 488. Dapi is used to visualize nuclei. The top row of images represents wild-type (WT) cultures, the middle row represents DKO
cultures, and the bottom row represents DKO cultures infected with LV-Adcy8 at DIV1 for 48 h. SV2 expression along the dendritic projections is reduced in DKO cultures, but
not DKO cultures infected with LV-Adcy8 as measured by (b) the number of clusters and (c) the average size of a cluster along the dendrites. (d) SV2 protein levels in DKO
mice are similar to WT levels in adult, hippocampal micropunches, while AC8 (adenylyl cyclase 8) Rescue mice show a trend towards an increase (n ¼ 4/group). *WT vs AC8
Rescue Po0.05, # DKO vs AC8 Rescue P ¼ 0.1.
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Figure 2 AC8 (adenylyl cyclase 8) lentivirus expression. (a) A schematic of the
major components of the LV-Adcy8 plasmid. A hippocampal image of LV-Adcy8
infection at (b)  2.5 and (c)  10. The CY3 staining represents positive AC8
expression, while the dapi counterstain is used to visualize nuclei. EF1a, elongation
factor; Kanr ¼ kanamycin resistant; LTR, long terminal repeat; Puror, puromycin
resistant; SV40, Simian virus 40.

mice and looked at AC8 distribution between 1 and 2 week
after injection (Figures 2b and c). Figure 2 shows abundant
AC8 distribution, and speciﬁcally, Figure 2c shows AC8 within
the cell body as well as along axons and dendrites. Analyses
of the number of SV2 clusters and SV2 cluster size after the
infection of DKO neurons with LV-Adcy8 revealed that SV2
expression along the processes is similar in WT and DKO with
LV-Adcy8 as shown in Figure 1a and quantiﬁed in Figure 1b
(DKO vs DKO þ LV-Adcy8, 48.8 clusters per 100 mm,
Po0.05) and Figure 1c (DKO vs DKO þ LV-Adcy8,
0.586 mm2, Po0.001). LV-Adcy8 infections of DKO cultures
show a trend towards increasing the number and size of SV2
clusters above WT levels, which may result from somewhat
supraphysiological expression of AC8 in this system.
SV2 protein levels were then measured using hippocampal
micropunches (Figure 1d). A one-way analysis of variance
showed a main effect of genotype (P ¼ 0.05). AC8 Rescue
mice showed a signiﬁcant increase in SV2 protein levels
compared with WT mice (t-test, Po0.05), while a trend
persists for an increase compared with DKO mice (t-test,
P ¼ 0.1). This ﬁnding implies that acute forebrain AC8 activity
after development can modulate SV2 abundance, providing
in vivo evidence for the direct modulation of a synaptic marker
by Ca2 þ -stimulated AC activity.
Alterations in neurogenesis in the adult dentate gyrus have
been implicated in memory processing, with memory deﬁcits
often reﬂective of a decrease or total absence of neurogenesis.23–26 Because of the localization of Ca2 þ -stimulated AC
activity to the dentate gyrus27 and the CF memory deﬁcits in
DKO mice,1,2 we hypothesized that neurogenesis would be
impaired in these mice. Using mice 2–5 months old, we found
that DKO mice displayed a small, but signiﬁcant, decrease in
neurogenesis compared with WT mice as measured by Ki-67
staining (Po0.01; Figures 3a and b). It has previously been
shown that cell densities in the dentate gyrus are similar
between WT and DKO mice;1 thus, the decrease in Ki-67
staining reﬂects a speciﬁc decrease in absolute and fractional
Translational Psychiatry
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Figure 3 Neurogenesis is impaired in double-knockout (DKO) mice, but not
restored in adenylyl cyclase 8 (AC8) Rescue mice. (a) Representative  10 images
of KI-67 staining in the dentate gyrus of wild-type (WT), DKO, and AC8 Rescue
mice. (b) The number of Ki-67 positive cells in the dentate gyrus was measured
using size-matched hippocampal slices. Ki-67 staining is decreased in DKO mice
and not rescued by replacing forebrain AC8 in AC8 Rescue mice. *Po0.05; WT
n ¼ 5, 10 bilateral sections; DKO n ¼ 6, 12 bilateral sections; AC8 Rescue n ¼ 4, 8
bilateral sections.

cell proliferation. This decrease, however, was not restored in
AC8 Rescue mice (AC8 Rescue vs DKO P40.05), which
have intact CF memory,2 suggesting that reductions in
neurogenesis do not underlie the memory impairments seen
in DKO mice.
Forebrain AC8 activity is sufﬁcient to rescue CA1 LTP
deﬁcits in DKO mice. The above data, which shows the
ability of AC8 activity to modulate SV2 dendritic abundance
or localization, suggest that synaptic activity may be
modulated by AC8 as well. Previous studies have found
that DKO mice have deﬁcits in LTP within the CA1 region of
the hippocampus, but these deﬁcits can be rescued by
unilateral acute administration of forskolin to the CA1.1
These results imply that acutely increasing intracellular levels
of cyclic adenosine monophosphate through non Ca2 þ stimulated AC activation in the CA1 of DKO mice is sufﬁcient
to restore CA1 LTP. We assessed whether acute restoration
of forebrain AC8 is sufﬁcient to restore LTP deﬁcits as AC1
and AC8 single-knockout mice show initially similar levels of
CA1 LTP relative to WT mice.1 We found that activation of
only AC8 in the adult forebrain is sufﬁcient to rescue
CA1 LTP as measured in the AC8 Rescue mice (Figures
4a and b). Our results showed that DKO mice fail to show
strong potentiation after high-ﬁeld stimulation (HFS) as
measured by the % ﬁeld EPSP (excitatory post-synaptic
potential) slope (DKO 128 vs WT 224% at 1 min post-HFS,
Po0.05); however, activation of AC8 activity in the adult
DKO forebrain was sufﬁcient to rescue this lack of
potentiation (AC8 Rescue 246% vs DKO at 1 min postHFS, Po0.01; AC8 Rescue vs WT, P40.05). Furthermore,
the data show that LTP in AC8 Rescue mice shows a slightly
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faster rate of decay over time. The ﬁeld EPSP slope by
80 min post-HFS is still signiﬁcantly different between WT
and DKO mice (WT 159 vs DKO 127%, Po0.01), but no
longer signiﬁcant between AC8 Rescue and WT or DKO
mice (AC8 144%, P40.05).
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Figure 4 Adenylyl cyclase 8 (AC8) in the forebrain is sufﬁcient for
CA1 LTP (long-term potentiation). (a) Averaged representative traces of pretetanus (black) and 80 min post-tetanus (red), four tetanic trains of 100 Hz (200 ms
duration, 6 s interpulse interval). Potentiation was measured by % ﬁeld EPSP
(excitatory post-synaptic potential) slope relative to baseline. (b) EPSP responses at
1 min post-HFS (high-ﬁeld stimulation) demonstrate that double-knockout (DKO)
mice (open circles, n ¼ 7) have dampened potentiation relative to WT mice as
measured by % ﬁeld EPSP slope (closed circles, n ¼ 7; % EPSP slope in DKO vs
WT 1 min post-HFS, Po0.05). However, replacing AC8 within the forebrain is
sufﬁcient to restore initial LTP deﬁcits as seen in the AC8 Rescue mice (grey circles,
n ¼ 7; % EPSP slope in AC8 Rescue vs WT 1 min post-HFS, P40.05). Scale bar
2 mV, 10 ms.
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AC8 activity modulates synapsin I phosphorylation after
CF learning. Phosphorylation of the presynaptic proteins,
synapsin I and II, controls the availability of synaptic vesicles
for release and thereby controls the efﬁciency of
neurotransmitter release, which is crucial for the modulation
of synaptic plasticity.28,29 Previous data have shown an
increase in hippocampal phosphorylation of synapsin I after
CF.30 Therefore, we investigated whether the impairments in
fear memory1,2 and LTP (Figure 4)1 seen in DKO mice are
correlated with CF-induced changes in the phosphorylation
of synapsin. Hippocampal micropunches were taken from
mice at baseline and 1 h after CF training; phosphorylated
synapsin (p-synapsin) I and II were quantiﬁed. Consistent
with previous reports,30 WT mice showed a signiﬁcant
increase in p-synapsin I after CF learning (P ¼ 0.001;
Figure 5a). Although baseline p-synapsin I levels were
indistinguishable in WT and DKO mice (Figures 5a and c),
DKO mice did not show statistically signiﬁcant increases in
p-synapsin levels after CF learning (P ¼ 0.06; Figure 5c).
Replacing AC8 in the adult forebrain of DKO mice rescued
this alteration as AC8 Rescue mice showed a signiﬁcant
increase in p-synapsin I levels after CF learning (Po0.05;
Figure 5e). However, CF-induced increases in p-synapsin I
levels in AC8 rescue mice were signiﬁcantly less than those
in WT mice (Po0.05; Figure 5e). These data suggest that
CF-induced increases in p-synapsin I levels are also
regulated by mechanisms independent of AC8, probably
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Figure 5 Double-knockout (DKO) mice show a reduction in p-synapsin I (pSyn1) 1 h after CF training. (a, c, e) p-Synapsin I levels measured at baseline and 1 h after
conditioned fear (CF) training in whole-cell membrane preparations from the hippocampus. Wild-type (WT) and adenylyl cyclase 8 (AC8) Rescue mice show an eightfold and
ﬁvefold increase after CF training, respectively. DKO mice fail to show an increase. (b, d, f) p-Synapsin II (pSyn2) levels measured at baseline and 1 h after CF training. All
genotypes show a similar increase. *Po0.05; WT n ¼ 4/condition, DKO n ¼ 4/condition, AC8 Rescue n ¼ 3/condition.
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AC1. p-Synapsin II level was increased after CF training in all
genotypes (WT Po0.01, DKO P ¼ 0.01, AC8 Rescue
P ¼ 0.01; Figures 5b, d and f), and the magnitude of
change was similar between genotypes, suggesting that
AC1 and AC8 do not regulate CF-induced increases in
p-synapsin II levels.
Fear memory in DKO mice is unaffected by
environmental changes. The above data show the
genetic inﬂuence of Ca2 þ -stimulated AC activity on
synaptic plasticity. Environmental context has also been
linked to alterations in fear memory8,31,32 and synaptic
plasticity.10 Moreover, gene–environment interactions have
been widely implicated in inﬂuencing memory in a variety
of paradigms.10,33,34 Therefore, we investigated the gene–
environment inﬂuence on fear memory in DKO mice by
manipulating their environment before CF testing.
Mice were reared and housed in either corn bedding
(experiment 1) or carefresh bedding (experiment 2) until at
least 2 months of age. Then, mice were subjected to a minimal

or enriched experimental environment for 2 weeks before CF
training. One week later, mice were tested (Figure 6a).
Freezing levels were assessed to analyze whether environmental exposure affected CF memory. Freezing behavior preshock and immediately post-shock was not signiﬁcantly
different regardless of genotype or environment (data not
shown). For experiment 1, WT mice showed an increase in
freezing behavior relative to DKO mice, which supports
previous ﬁndings; moreover, this occurs regardless of the
experimental environment (WT-minimal vs DKO-minimal
Po0.001, WT-enriched vs DKO-enriched Po0.05;
Figure 6b). Interestingly, an experiment conducted in WT
mice housed under different conditions (experiment 2)
revealed dramatic differences in freezing levels based on
the experimental environment. Only WT mice exposed to the
enriched environment displayed a signiﬁcant increase from
DKO mice (Figure 6c). This was true for WT-enriched vs
DKO-minimal (Po0.002) or WT-enriched vs DKO-enriched
(Po0.01). In both experiments, DKO mice showed consistent
freezing levels regardless of environmental exposure.
experimental
environment
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Figure 6 Experience-dependent fear memory is unaltered in double-knockout (DKO) mice. (a) Mice reared in two different housing conditions, corn or carefresh, were
experimentally exposed to a minimal or enriched environment for 2 weeks before conditioned fear (CF) training as shown in the schematic representation. (b) Experiment 1:
Wild-type (WT) mice (reared in corn bedding) show enhanced freezing compared with DKO mice no matter the experimental exposure. (c) Experiment 2: WT mice (reared in
carefresh bedding) show decreased freezing when exposed to a minimal environment, WT-minimal, compared with WT mice exposed to an enriched environment, WTenriched. The interaction between the reared and experimental environment signiﬁcantly inﬂuences freezing behavior in (d) WT mice, but not (e) DKO mice. *Po0.05 from
respective DKO group (Figure b and c) or respective carefresh group (Figure d), # Po0.001 WT-minimal vs WT-enriched; Experiment 1: WT-minimal n ¼ 13, DKO-minimal
n ¼ 11, WT-enriched n ¼ 13, DKO-enriched n ¼ 11; Experiment 2: WT-minimal n ¼ 7, DKO-minimal n ¼ 16, WT-enriched n ¼ 9, DKO-enriched n ¼ 13.
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For Figures 6d and e, we combined both the WT (Figure 6d)
and DKO (Figure 6e) results from experiment 1 and 2 to see if
there are any interactions between the reared and experimental environments. Figure 6d shows a strong statistical
interaction between reared environment and experimental
environment on the memory of WT mice (as measured by
freezing behavior, Po0.0001), but this interaction is absent in
DKO mice (Figure 6e, P ¼ 0.97). Collectively, the data
demonstrate that fear memory is highly inﬂuenced by the
environment in WT mice, whereas DKO mice show a lack of
this behavioral plasticity, regardless of environmental exposure.
Discussion
Overall, the present study examines how Ca2 þ -stimulated AC
activity affects markers of synaptic activity as measured at the
molecular, physiological, and behavioral levels. We not only
demonstrate that Ca2 þ -stimulated ACs modulate synaptic
plasticity and neurogenesis, but we also highlight a novel
gene–environment interaction as an absence of the Ca2 þ stimulated ACs leads to an impairment in experiencedependent fear memory. The ﬁrst evidence we provide for
Ca2 þ -stimulated AC activity’s inﬂuence on synaptic activity
was done by measuring expression of synaptic marker SV2.
Owing to the regional localization of the Ca2 þ -stimulated ACs
to the synapses,7 we examined SV2 expression along the
dendritic processes. We found that Ca2 þ -stimulated AC
directly affects SV2 levels along the processes. Interesting,
though, SV2 levels in the cell bodies appear slightly increased
in DKO cultures. This observation suggests that the SV2
deﬁcits along the dendritic processes in DKO mice may result
from a deﬁcit in SV2 protein or vesicle trafﬁcking to the
synapses. Further support for this notion comes from our
ﬁnding that SV2 levels in adult DKO whole-cell hippocampal
preparations are not reduced. This result suggests that there
is no reduction of SV2 production, but rather, a difference in its
localization.
Additionally, LTP, a process known to rely on a large
recruitment of synaptic activity, was directly modulated by
Ca2 þ -stimulated AC activity. DKO mice show deﬁcits in
potentiation after HFS in accordance with previous studies,1,4
and rescuing AC8 within the adult forebrain is sufﬁcient to
restore these deﬁcits, which is consistent with AC singleknockout studies.1 The results also suggest that no irreversible downstream deﬁcits result from a loss of Ca2 þ stimulated AC activity during development. AC8 Rescue mice
show a slightly faster rate of LTP decay as they no longer
show a signiﬁcant difference from DKO mice at 80 min postHFS. This is not surprising as previous results showed a
small, but subtle, decrease in LTP over time in AC8KO mice.1
This ﬁnding may reﬂect that AC8 is over ﬁve times less
sensitive to Ca2 þ than AC12 and hippocampal Ca2 þ stimulated AC activity in AC8 Rescue mice is 50% to that of
WT mice.35
Along with the induction of LTP comes an increase in a
variety of synaptic markers, such as p-synapsin I.36 The
regional localization of synapsin I, along with AC8, to the
presynaptic terminal37,38 suggests that synapsin activity is
downstream of AC8. Therefore, to further assess the function

of Ca2 þ -stimulated AC activity in learning-induced plasticity,
we assessed whether p-synapsin levels after CF learning
were differentially regulated in DKO and AC8 Rescue mice.
DKO mice were unable to signiﬁcantly increase p-synapsin I
levels 1 h after CF learning as seen in WT mice; however, AC8
rescue mice showed a signiﬁcant, but not as robust, increase,
providing more evidence for the role of Ca2 þ -stimulated AC
activity in modulating learning-induced changes in synaptic
activity.
Not only do our results show that Ca2 þ -stimulated AC
activity modulates synaptic activity, but we also show that
Ca2 þ -stimulated AC activity modulates neurogenesis as
DKO mice show a small, but signiﬁcant, reduction in
neurogenesis. However, this reduction is not attenuated in
AC8 Rescue mice despite intact fear learning in the AC8
Rescue mice. Neurogenesis has been implicated in modulating CF learning,23,24 but more recent evidence that uses a
diphtheria toxin-based strategy to selectively remove new
neurons before or after CF learning suggests that memory is
impaired only when new neurons are removed after CF
training.39 Therefore, AC8 Rescue mice are likely able to
compensate for the lack of neurogenesis through activation of
other mature dentate granule cells during CF training.
Moreover, endogenous AC1 is expressed signiﬁcantly more
in the dentate gyrus than AC827 that would suggest the
modulation of neurogenesis by Ca2 þ -stimulated AC activity is
predominately controlled by AC1.
Overall, the changes in synaptic marker abundance and
LTP impairments in DKO mice suggest a crucial role for the
ACs in modulating synaptic plasticity. To evaluate whether the
ACs contribute to synaptic plasticity at the behavioral level,
DKO mice were exposed to minimal or enriched conditions.
These experiments revealed that, consistent with previous
reports, DKO mice have impaired CF memory.1,2 Previous
ﬁndings demonstrated that the freezing deﬁcits result from an
impairment in memory, but not learning, as DKO mice show
an initial ability to learn that CF task with intact memory at 24 h
but not 8 days.1 Furthermore, exposure to an enriched
environment did not alter freezing levels in DKO mice
independent of the original housing conditions. Housing
conditions, however, did signiﬁcantly affect memory in WT
mice. This coincides with a previous experiment showing
variable behavioral results among several inbred mouse
strains when tested at multiple universities despite standardization of testing protocols.40 The genetic similarities, but
environmental differences, suggested that these mice display
a very plastic behavioral phenotype that is modulated by
environmental inﬂuences. Our results support this ﬁnding as
we demonstrate that memory in WT mice is very plastic and
highly inﬂuenced by experience, and in addition, we show the
novel ﬁnding that an absence of Ca2 þ -stimulated AC activity
prevents this behavioral plasticity.
Collectively, Ca2 þ -stimulated AC activity modulates synaptic activity under baseline and learning conditions. Moreover, the lack of experience-dependent fear memory in DKO
mice suggests an inability to adapt to changes in the
environment without the presence of Ca2 þ -stimulated AC
activity. Overall, the data suggest that experience-dependent
fear memory may be driven by Ca2 þ -stimulated AC-induced
changes in synaptic plasticity. Future studies will be needed to
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further establish the direct causal interactions linking AC
action to these plasticity changes. Ca2 þ -stimulated ACs have
been implicated in the pathology of several psychiatric
diseases associated with cognitive decline, such as, Alzheimer’s disease, which shows a marked decrease in Ca2 þ stimulated AC activity,41,42 and bipolar disorder,43,44 where
genetic linkage of AC8 has been associated with the disease.
Moreover, environmental enrichment techniques have been
proven to increase cognition in Alzheimer patients, but not to
the extent that it does in healthy individuals.45,46 Thus, this
provides an interesting follow-up study to try to understand if
targeting Ca2 þ -stimulated AC activity can further enhance
environmental enrichment memory changes in psychiatric
patients. If so, targeting Ca2 þ -stimulated ACs combined with
environmental enrichment therapy could provide a very
powerful therapeutic treatment for psychiatric patients with
cognitive deﬁcits.

Conﬂict of interest
The authors declare no conﬂict of interest.

Acknowledgements. The SV2 antibody developed by Dr Kathleen M
Buckley was obtained from the Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD and maintained by The University of Iowa,
Department of Biology, Iowa City, IA 52242. The pUHC-13-3 plasmid and AC8
cDNA were generous gifts from Dr Hermann Bujard and Dr Richard Premont,
respectively. We thank Dr Benedict Kolber and Dr Yarimar Carrasquillo for review of
the manuscript. This work was supported by grants from the National Institute of
Health to LW (F31MH843913), LJM (R01AG18876; R01MH079010), DJW
(MH071674), DGW (R01AA019455), and TAW (F32AA019847).

1. Wong ST, Athos J, Figueroa XA, Pineda VV, Schaefer ML, Chavkin CC et al. Calciumstimulated adenylyl cyclase activity is critical for hippocampus-dependent long-term
memory and late phase LTP. Neuron 1999; 23: 787–798.
2. Wieczorek L, Maas Jr JW, Muglia LM, Vogt SK, Muglia LJ. Temporal and regional
regulation of gene expression by calcium-stimulated adenylyl cyclase activity during fear
memory. PLoS One 2010; 5: e13385.
3. Wang H, Ferguson GD, Pineda VV, Cundiff PE, Storm DR. Overexpression of type-1
adenylyl cyclase in mouse forebrain enhances recognition memory and LTP. Nature
Neurosci 2004; 7: 635–642.
4. Zhang M, Storm DR, Wang H. Bidirectional synaptic plasticity and spatial memory ﬂexibility
require Ca2+-stimulated adenylyl cyclases. J Neurosci 2011; 31: 10174–10183.
5. Villacres EC, Wong ST, Chavkin C, Storm DR. Type I adenylyl cyclase mutant mice have
impaired mossy ﬁber long-term potentiation. J Neurosci 1998; 18: 3186–3194.
6. Wang H, Pineda VV, Chan GC, Wong ST, Muglia LJ, Storm DR. Type 8 adenylyl cyclase is
targeted to excitatory synapses and required for mossy ﬁber long-term potentiation.
J Neurosci 2003; 23: 9710–9718.
7. Conti AC, Maas Jr JW, Muglia LM, Dave BA, Vogt SK, Tran TT et al. Distinct regional and
subcellular localization of adenylyl cyclases type 1 and 8 in mouse brain. Neuroscience
2007; 146: 713–729.
8. Duffy SN, Craddock KJ, Abel T, Nguyen PV. Environmental enrichment modiﬁes the PKAdependence of hippocampal LTP and improves hippocampus-dependent memory. Learn
Mem 2001; 8: 26–34.
9. Tasken K, Aandahl EM. Localized effects of cAMP mediated by distinct routes of protein
kinase A. Physiol Rev 2004; 84: 137–167.
10. Nithianantharajah J, Hannan AJ. Enriched environments, experience-dependent plasticity
and disorders of the nervous system. Nat Rev Neurosci 2006; 7: 697–709.
11. Frick KM, Fernandez SM. Enrichment enhances spatial memory and increases
synaptophysin levels in aged female mice. Neurobiol Aging 2003; 24: 615–626.
12. Nithianantharajah J, Levis H, Murphy M. Environmental enrichment results in cortical and
subcortical changes in levels of synaptophysin and PSD-95 proteins. Neurobiol Learn Mem
2004; 81: 200–210.
13. Green EJ, Greenough WT. Altered synaptic transmission in dentate gyrus of rats reared
in complex environments: evidence from hippocampal slices maintained in vitro.
J Neurophysiol 1986; 55: 739–750.

Translational Psychiatry

14. Artola A, von Frijtag JC, Fermont PC, Gispen WH, Schrama LH, Kamal A et al. Long-lasting
modulation of the induction of LTD and LTP in rat hippocampal CA1 by behavioural stress
and environmental enrichment. Eur J Neurosci 2006; 23: 261–272.
15. Foster TC, Dumas TC. Mechanism for increased hippocampal synaptic strength following
differential experience. J Neurophysiol 2001; 85: 1377–1383.
16. Bruel-Jungerman E, Laroche S, Rampon C. New neurons in the dentate gyrus are involved
in the expression of enhanced long-term memory following environmental enrichment.
Eur J Neurosci 2005; 21: 513–521.
17. Kempermann G, Kuhn HG, Gage FH. More hippocampal neurons in adult mice living in an
enriched environment. Nature 1997; 386: 493–495.
18. Kempermann G, Kuhn HG, Gage FH. Experience-induced neurogenesis in the senescent
dentate gyrus. J Neurosci 1998; 18: 3206–3212.
19. Wu ZL, Thomas SA, Villacres EC, Xia Z, Simmons ML, Chavkin C et al. Altered behavior
and long-term potentiation in type I adenylyl cyclase mutant mice. Proc Natl Acad Sci U S A
1995; 92: 220–224.
20. Wegner AM, Nebhan CA, Hu L, Majumdar D, Meier KM, Weaver AM et al. N-wasp and the
arp2/3 complex are critical regulators of actin in the development of dendritic spines and
synapses. J Biol Chem 2008; 283: 15912–15920.
21. Goslin K, Asmussen H, Banker G. Rat Hippocampal Neurons in Low-Density Culture. MIT
Press: Cambridge, MA, 1998.
22. Tao-Cheng JH. Activity-related redistribution of presynaptic proteins at the active zone.
Neuroscience 2006; 141: 1217–1224.
23. Saxe MD, Battaglia F, Wang JW, Malleret G, David DJ, Monckton JE et al. Ablation of
hippocampal neurogenesis impairs contextual fear conditioning and synaptic plasticity in
the dentate gyrus. Proc Natl Acad Sci U S A 2006; 103: 17501–17506.
24. Kitamura T, Saitoh Y, Takashima N, Murayama A, Niibori Y, Ageta H et al. Adult
neurogenesis modulates the hippocampus-dependent period of associative fear memory.
Cell 2009; 139: 814–827.
25. Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E. Neurogenesis in the adult is
involved in the formation of trace memories. Nature 2001; 410: 372–376.
26. Imayoshi I, Sakamoto M, Ohtsuka T, Takao K, Miyakawa T, Yamaguchi M et al. Roles of
continuous neurogenesis in the structural and functional integrity of the adult forebrain.
Nature Neurosci 2008; 11: 1153–1161.
27. Schaefer ML, Wong ST, Wozniak DF, Muglia LM, Liauw JA, Zhuo M et al. Altered
stress-induced anxiety in adenylyl cyclase type VIII-deﬁcient mice. J Neurosci 2000; 20:
4809–4820.
28. Ferreira A, Rapoport M. The synapsins: beyond the regulation of neurotransmitter release.
Cell Mol Life Sci 2002; 59: 589–595.
29. Jovanovic JN, Czernik AJ, Fienberg AA, Greengard P, Sihra TS. Synapsins as
mediators of BDNF-enhanced neurotransmitter release. Nature Neurosci 2000; 3:
323–329.
30. Kushner SA, Elgersma Y, Murphy GG, Jaarsma D, van Woerden GM, Hojjati MR et al.
Modulation of presynaptic plasticity and learning by the H-ras/extracellular signal-regulated
kinase/synapsin I signaling pathway. J Neurosci 2005; 25: 9721–9734.
31. Mitra R, Sapolsky RM. Effects of enrichment predominate over those of chronic stress on
fear-related behavior in male rats. Stress 2009; 12: 305–312.
32. Woodcock EA, Richardson R. Effects of environmental enrichment on rate of
contextual processing and discriminative ability in adult rats. Neurobiol Learn Mem
2000; 73: 1–10.
33. Lee EH, Hsu WL, Ma YL, Lee PJ, Chao CC. Enrichment enhances the expression of sgk, a
glucocorticoid-induced gene, and facilitates spatial learning through glutamate AMPA
receptor mediation. Eur J Neurosci 2003; 18: 2842–2852.
34. Tang YP, Wang H, Feng R, Kyin M, Tsien JZ. Differential effects of enrichment on
learning and memory function in NR2B transgenic mice. Neuropharmacology 2001; 41:
779–790.
35. Nielsen MD, Chan GC, Poser SW, Storm DR. Differential regulation of type I and type VIII
Ca2+-stimulated adenylyl cyclases by Gi-coupled receptors in vivo. J Biol Chem 1996; 271:
33308–33316.
36. Nayak AS, Moore CI, Browning MD. Ca2+/calmodulin-dependent protein kinase II
phosphorylation of the presynaptic protein synapsin I is persistently increased during longterm potentiation. Proc Natl Acad Sci U S A 1996; 93: 15451–15456.
37. De Camilli P, Harris Jr SM, Huttner WB, Greengard P. Synapsin I (protein I), a nerve
terminal-speciﬁc phosphoprotein. II. Its speciﬁc association with synaptic vesicles
demonstrated by immunocytochemistry in agarose-embedded synaptosomes. J Cell Biol
1983; 96: 1355–1373.
38. Huttner WB, Schiebler W, Greengard P, De Camilli P. Synapsin I (protein I), a
nerve terminal-speciﬁc phosphoprotein. III. Its association with synaptic vesicles
studied in a highly puriﬁed synaptic vesicle preparation. J Cell Biol 1983; 96:
1374–1388.
39. Arruda-Carvalho M, Sakaguchi M, Akers KG, Josselyn SA, Frankland PW. Posttraining
ablation of adult-generated neurons degrades previously acquired memories. J Neurosci
2011; 31: 15113–15127.
40. Crabbe JC, Wahlsten D, Dudek BC. Genetics of mouse behavior: interactions with
laboratory environment. Science (New York, NY 1999; 284: 1670–1672.
41. Yamamoto M, Gotz ME, Ozawa H, Luckhaus C, Saito T, Rosler M et al. Hippocampal level
of neural speciﬁc adenylyl cyclase type I is decreased in Alzheimer’s disease. Biochim
Biophys Acta 2000; 1535: 60–68.

Adenylyl cyclase function in plasticity and memory
L Wieczorek et al

9
42. Yamamoto M, Ozawa H, Saito T, Hatta S, Riederer P, Takahata N. Ca2+/CaM-sensitive
adenylyl cyclase activity is decreased in the Alzheimer’s brain: possible relation to type I
adenylyl cyclase. J Neural Transm 1997; 104: 721–732.
43. Zhang P, Xiang N, Chen Y, Sliwerska E, McInnis MG, Burmeister M et al. Family-based
association analysis to ﬁnemap bipolar linkage peak on chromosome 8q24 using 2,500
genotyped SNPs and 15,000 imputed SNPs. Bipolar Disord 2010; 12: 786–792.
44. de Mooij-van Malsen AJ, van Lith HA, Oppelaar H, Hendriks J, de Wit M, Kostrzewa E et al.
Interspecies trait genetics reveals association of Adcy8 with mouse avoidance
behavior and a human mood disorder. Biol Psychiatry 2009; 66: 1123–1130.
45. Arendash GW, Garcia MF, Costa DA, Cracchiolo JR, Wefes IM, Potter H. Environmental
enrichment improves cognition in aged Alzheimer’s transgenic mice despite stable betaamyloid deposition. Neuroreport 2004; 15: 1751–1754.

46. Jankowsky JL, Melnikova T, Fadale DJ, Xu GM, Slunt HH, Gonzales V et al. Environmental
enrichment mitigates cognitive deﬁcits in a mouse model of Alzheimer’s disease. J
Neurosci 2005; 25: 5217–5224.

Translational Psychiatry is an open-access journal
published by Nature Publishing Group. This work is
licensed under the Creative Commons Attribution-Noncommercial-No
Derivative Works 3.0 Unported License. To view a copy of this license,
visit http://creativecommons.org/licenses/by-nc-nd/3.0/

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Translational Psychiatry

